Objective: To investigate whether the nature of the relationship between body mass index (BMI (kg/m 2 )) and all-cause mortality is direct, J-or U-shaped, and whether this relationship changes as people age. Design: Prospective nationwide cohort study of US radiologic technologists (USRT). Subjects: Sixty-four thousand seven hundred and thirty-three female and 19 011 male certified radiation technologists. Methods: We prospectively followed participants from the USRT study who completed a mail survey in 1983-1989 through 2000. During an average of 14.7 years of follow-up or 1.23 million person-years, 2278 women and 1495 men died. Using Cox's proportional-hazards regression analyses, we analyzed the relationship between BMI and all-cause mortality by gender and by age group (o55 years; X55 years). We also examined risk in never-smokers after the first 5 years of follow-up to limit bias owing to the confounding effects of smoking and illness-related weight loss on BMI and mortality. Results: Risks were generally J-shaped for both genders and age groups. When we excluded smokers and the first 5 year of follow-up, risks were substantially reduced in those with low BMIs. In never-smoking women under the age of 55 years (excluding the initial 5-year follow-up period), risk rose as BMI increased above 21.0 kg/m 2 , whereas in older women, risk increased beginning at a higher BMI (X25.0 kg/m 2 ). Among younger men who never smoked (excluding the initial 5-year follow-up period), risk began to rise above a BMI of 23.0 kg/m 2 , whereas in older men, risk did not begin to increase until exceeding a BMI of 30.0 kg/m 2 . Conclusions: In younger/middle-aged, but not older, women and men, mortality risks appear directly related to BMI. The more complicated relationship between BMI and mortality in older subjects suggests the importance of assessing whether other markers of body composition better explain mortality risk in older adults.
Introduction
In recent years, many prospective epidemiologic studies have evaluated the relationship between mortality and body mass index (BMI) (weight adjusted for height (kg/m 2 )), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] which is commonly considered a surrogate for body fat. Study findings vary as to whether the relationship is best described as direct, J-or U-shaped, the latter two characterizations suggesting higher risks among both heavier and leaner individuals. Moreover, results are inconsistent as to whether the relationship between BMI and mortality changes as people age. Some of the divergent findings may reflect inherent difficulties with observational studies. Principal among them are the confounding effects of smoking behavior and serious illness, both of which are associated with higher mortality and lower BMI. 21, 22 Thus, a low BMI may reflect a healthy lifestyle (i.e., balanced caloric intake and physical activity), as well as smoking or illness. Understanding the effects of BMI on mortality may require taking into account tobacco use and the potential effects of weight loss owing to existing illnesses. 21, 22 Only a few large studies have assessed BMI and longevity among never-smokers who do not have serious medical conditions at baseline and have survived some period beyond baseline to account for illness-related weight loss. 10, 14 The US Radiologic Technologists (USRT) study population assessed here is a large cohort that draws male and female medical radiation workers from all 50 states, who have provided baseline information related to smoking behavior and health status, and have been followed for an average of 14.7 years. In this analysis, we examined prospectively (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) the association between BMI and mortality from all causes in women and in men of all ages combined (22-92 years), in two broad age groups, and in black subjects separately.
Methods

Study population
The USRT study, an ongoing collaboration of the US National Cancer Institute, University of Minnesota, and the American Registry of Radiologic Technologists (ARRT) has followed up a nationwide cohort of 146 022 radiologic technologists residing in the United States and certified by ARRT for at least 2 years between 1926 and 1980. Detailed information on the methods has been provided elsewhere. 23, 24 Briefly, during 1983-1989, all subjects located alive (n ¼ 132 519) were mailed a baseline questionnaire, which collected self-reported information on weight, height, education, smoking and alcohol behavior, as well as work history, demographic, reproductive and medical history, and other personal information. The evaluation of mortality risk was limited to subjects who responded to the first questionnaire (1983) (1984) (1985) (1986) (1987) (1988) (1989) , were cancer free (except for nonmelanoma skin cancer) and reported no history of myocardial infarction at baseline to limit confounding owing to illness (n ¼ 86 059, after excluding 4218 with prior cancer/myocardial infarction). We also excluded less than 3% (n ¼ 2315) of participants who reported insufficient information to calculate a BMI. The final study population included 64 733 women and 19 011 men, a total of 83 744 subjects. Eligible cases were those who died as reported by the Social Security Death Mortality File or the National Death Index (NDI-Plus) before December 31, 2000. This study was approved by the Institutional Review Boards of the National Cancer Institute and the University of Minnesota. 
Risk factors
Statistical analyses
Participants were followed from the return date of the baseline questionnaire until death or December 31, 2000, whichever occurred first. We used Cox's proportionalhazards regression analyses to compute relative risks (RRs) with 95% confidence intervals (CIs), using age (beginning at completion of the first questionnaire) as the time scale, 27 and stratifying at baseline for birth cohort in 5-year intervals to control for secular trends. In all analyses, a BMI of 21.0-22.9 kg/m 2 , the middle category within the normal range, was selected as the referent category. Missing information was coded to unknown in separate variables.
In multivariate models, we included established factors related to mortality risk, including education, race, and smoking and alcohol behavior, as reported on the baseline questionnaire. To avoid confounding by smoking behavior more completely, we also assessed risk among subjects who reported they had never smoked as of the baseline questionnaire. Subjects were characterized as 'never' having smoked, if they reported smoking fewer than 100 cigarettes in their lifetime. In addition, to reduce the confounding effect of weight loss at baseline owing to ill health, we also separately examined the effects of BMI in never-smokers by excluding deaths that occurred in the first 5 years of followup. We did not include occupational radiation exposure in the model because the surrogate for historic ionizing radiation exposure that we have found most consistently related to specific cancers and cardiovascular disease, year first worked as a radiation technologist, was not associated with all-cause mortality risk.
To evaluate the effects of age on risk associated with BMI, we examined risk among women and men stratified by a commonly used cut-point for age, under the age of 55 years, and aged 55 years and older at baseline, 6, 10, 11, 14 and separately in these age groups, among never-smokers who had survived 5 years of follow-up. We assessed the assumption of hazard proportionality within the two age groups and found no interaction between age and BMI in either men or women within the two age groups, thus limiting the need for further subgroup analysis. Presenting the results by these age groups also allows comparison with results from many other studies. We also assessed separately the relationship between BMI and mortality in black subjects.
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Results
Most of the participants in the study were under the age of 55 years at the beginning of follow-up (94% of women and 88% of men) ( Table 1 ). More than three-fourths of study participants are women, and less than 40% of women and 60% of men attended college. The large majority is white, with fewer than 4 and 10% of women and men, respectively, identifying themselves as belonging to other racial/ethnic groups. During an average of 14.7 years of follow-up or 1.23 million person-years, 2278 women and 1495 men died.
Mortality risks of women
In the multivariate analysis of all women ( ), but elevated in those who were 'underweight' as well as those overweight or obese. When we restricted the analysis to never-smoking women, the relationship between BMI and mortality remained J-shaped, with similar risks spanning the normal weight range. When we examined risk separately in never-smoking women beyond the first 5 years of follow-up, we observed a more direct relationship between BMI and mortality, with the lowest risk at the lean end of the normal weight spectrum (BMI ¼ 18.5-20.9 kg/m 2 ), and only marginally higher risks among the 'underweight'.
In black women, we found that mortality risks were generally somewhat higher than in the total group of women. The multivariate RRs of death according to BMI categories, using the same groupings and reference level for BMI as indicated in Table 2 , were: 1.75 (95% CI ¼ 0.45-6.84), Restricted to respondents to first survey (baseline) questionnaire who at baseline were cancer free (other than non-melanoma skin cancer) and reported never having had a myocardial infarction. b As of the time subjects responded to the first questionnaire (1983) (1984) (1985) (1986) (1987) (1988) (1989) In assessing risks in the total group of never-smoking women who were under the age of 55 years at baseline (after excluding the first 5 years of follow-up) (Table 3) , we again found a relatively direct relationship between BMI and mortality, with the lowest risks associated with the leanest BMI in the normal range. There was no difference in risk between those considered underweight (BMI o18.5 kg/ m 2 ) and most of the spectrum of a normal BMI (21.0-24.9 kg/m 2 ). Compared to the reference group, risks rose 30-55% among overweight women. Although there was no increase in risk at the low end of obesity, very obese women, with a BMI above 35.0 kg/m 2 , had a nearly twofold elevated risk.
When we examined never-smoking women aged 55 years and older (again excluding early follow-up), there was a J-shaped relationship between BMI and mortality, with the lowest risks associated with a BMI between 21.0 and 24.9 kg/m 2 ( Table 3) . Among the overweight and those at the low end of obesity, risks were elevated about 30%. Risks, however, rose more than threefold among the very obese
).
Mortality risks of men
In the multivariate analysis of all men (Table 2) , the lowest risks were associated with BMIs considered overweight (BMI ¼ 25.0-29.9 kg/m 2 ). When we separately examined men who never smoked, risk remained lowest in the overweight group. When we restricted the analysis to follow-up beyond the first 5 years in never-smoking men, the relationship between BMI and mortality was not substantially changed.
In black men, mortality risks followed the general pattern for all men, although there were no cases classified as 'underweight'. Risks by BMI category, excluding the first 'underweight' group, were: 2.12 (0.66-6.79), 1.0 (reference), Restricted to subjects who responded to the baseline questionnaire and were cancer free (other than non-melanoma skin cancer) and had no history of myocardial infarction at that time. RR estimated using Cox's proportional-hazards regression with age as the time-scale, stratified at baseline by birth cohort in 5-year intervals. Multivariate risks adjusted for smoking duration, alcohol consumption, race and education. Missing information was coded in a separate category.
Body mass index and mortality DM Freedman et al Although stratifying by age in the total group of men led to small numbers in each stratum, we found that neversmoking men under the age of 55 years (excluding the first 5 years of follow-up), risk was relatively linear, with lowest risks at a BMI of 21.0-22.9 kg/m 2 ( Table 3) . Risks were roughly 20% higher at larger BMI levels in the normal and overweight range. Mortality risk climbed to twofold among those with a BMI between 30.0 and 34.9 kg/m 2 and fourfold among heavier men. In never-smoking older men (age X55 years), risk was lowest in those with BMIs in the overweight category. In the obese, risks rose to between 60% and threefold, although numbers were quite small (n ¼ 4) among the very obese. Restricted to subjects who responded to the baseline questionnaire and were cancer free (other than non-melanoma skin cancer) and had no history of myocardial infarction at that time. RR estimated using Cox's proportional-hazards regression with age as the time-scale, stratified at baseline by birth cohort in 5-year intervals. Multivariate risks adjusted for smoking duration, alcohol consumption, race and education. Missing information was coded in a separate category.
Discussion
In this prospective cohort study, we focused our analysis of the mortality risk of a large cohort of women and men with follow-up beyond 5 years in never-smokers so as to limit potential bias owing to smoking and/or pre-existing illnessrelated weight loss. In both women and men under the age of 55 years at baseline, we found a direct relationship between BMI and mortality risk, although the small number of men prevented extrapolating below a BMI of 21.0 kg/m 2 . Notably, the effect of excluding smokers and early follow-up was to reduce risks substantially among those considered 'underweight', supporting the hypothesis that much of the risks observed among 'underweight' adults under the age of 55 years is related to smoking or illness-related weight loss.
In older women, aged 55 years and above, the association was more J-shaped, although risks remained lowest in normal BMIs between 21.0 and 24.9 kg/m 2 . In older men, however, risks were J-shaped, with lowest risks in the overweight category. Mortality risks were highest in both women and men in both age groups among the obese, particularly in men aged o55 years.
Although small numbers limited subgroup analysis, we found that black subjects, as in the total study cohort, showed higher mortality risks associated with obesity. A number of other studies that have examined the relationship in black women have found obesity weakly associated with mortality, 7, 28, 29 but there is some suggestion that education may modify the mortality/obesity relationship in black women 28 with stronger associations among high school graduates, a status characterizing the vast majority of black subjects in this cohort. Our results for the total cohort are generally consistent with prospective studies that have taken into account smoking, age at baseline and baseline illness or weight loss. Many, 10, 14, 16, 30 but not all, studies 1, 31 have found risk was lowest among younger subjects with the lowest BMI. In contrast, many studies have found increased risk in older subjects who were leanest, 6, 15, 19, 32, 33 although the American Cancer Society study found J-shaped associations limited to those aged 75 years and older. 10 There are a number of potential explanations for the increased mortality risk associated with a low BMI among older subjects. It is possible that a low BMI actually contributes to mortality owing to nutritional deficiencies or impaired immune status, as suggested by Kalmijn et al. 34 Dietary restriction has been related to immunological impairments in rats. 35 Willett et al. 22 argue, however, that evidence is lacking of increased incidence of specific diseases or case fatality rates associated with leanness, as would be expected with a causal relationship. In this study, because of the small numbers of older subjects with a low BMI, we were unable to assess risk by disease category. The association between low BMI and death in older adults could also reflect insufficient consideration of early or chronic disease leading to both thinness and death. This cohort, however, provides limited evidence for this explanation inasmuch as the risk associated with a low-normal BMI, particularly among women, remained essentially the same whether or not we excluded smokers and the initial 5-year follow-up period.
There are, however, potentially serious limitations in using BMI as a surrogate for body fat or for the relevant pattern of body fat or composition in understanding the relationship between BMI and mortality with increasing age. It does not take into account frame size or musculature. In older adults, where differential loss of lean mass contributes to variation in weight, BMI is likely to be a poor surrogate for general adiposity. The distribution of body fat, particularly abdominal adiposity, rather than the amount of fat, may be a better predictor of mortality. Thus, some studies 36, 37 have found that the waist to hip circumference ratio (WHR) or waist circumference is a better marker of mortality risk than BMI in older adults. Folsom et al. 36 found that although the association between BMI and mortality in older women was U-shaped, the association with mortality was linear when WHR was used as the indicator of body fat. Several studies have also found that abdominal adiposity, as measured by WHR or waist circumference, is a better marker than BMI in older persons for cardiovascular disease, 30, 36, [38] [39] [40] which contributes substantially to overall mortality. At least one study found that muscle strength may be a better predictor of long-term mortality than BMI in healthy middle-aged men. 41 Other studies, using surrogates for fat mass such as skin-fold thickness 42 and for fat-free mass such as potassium counting, 43 have found that fat mass and fatfree mass have inverse associations with mortality, which could contribute to a J-shaped association between BMI and total mortality. Thus, the J-shaped association between BMI and mortality in older adults may not provide appropriate guidance on optimal weight as people age. Rather, other measures of adiposity or body composition may be more directly related to actual biological risk factors. We note some other limitations of the study, including our reliance on self-reported values for weight and height. Other studies that have validated self-reported weight or height, however, have found strong correlations with measured values. 5, 14, 44 Nonetheless, it is likely that heavy participants under-reported their weight, leading to some overestimating of risks at lower BMI categories. Data on BMI was missing on less than 3% of the study population who were excluded from the analysis. Thus, we were able to retain a very large percentage of the study population with actual reported data. Although some participants were also missing covariate information, the covariates had modest confounding effects, thus limiting the need for sophisticated imputation methods to assign values to the missing data. In addition, we were unable to adjust for a number of factors that were not collected at baseline, such as physical activity, muscle strength, diet or other measures of adiposity, which may be independent risk factors associated with BMI. The issue of physical activity or fitness in particular is of Body mass index and mortality DM Freedman et al potential importance. Many studies have found that regular physical activity or fitness has benefits for health at any weight, thus potentially confounding the effects of excess weight or obesity on mortality. 45, 46 We did not have specific data on illness-related weight loss, although we had baseline health information on some key categories of major illness, that is, cancer and heart disease, and excluded 5 years of follow-up to control for potential recent weight loss owing to pre-existing illness. There is some disagreement over the value of excluding initial follow-up (and thus early deaths) to take into account confounding owing to pre-existing disease. Allison et al. [47] [48] [49] have used a meta-analysis, a mathematical demonstration and a simulation to provide evidence that excluding early follow-up does not necessarily decrease bias and could 'exacerbate [the] confounding' owing to pre-existing illness. On the other hand, using the Atherosclerosis Risk in Communities (ARIC) Study, Stevens et al. 50 have suggested the potential usefulness of excluding early deaths with evidence that participants who died during the early years of follow-up were more likely than survivors to have changed from the obese category before a baseline to nonobese at baseline. To deal with bias owing to the effects of disease on weight loss, ideally one would want full information on pre-existing disease or a recent history of weight change, 49 but such information is generally unavailable. In this study, we report both the association in the entire study population and in the group after excluding early deaths and smokers. Advantages of the study include its large size, the nationwide distribution of participants, the inclusion of both women and men, the available baseline information from a medically knowledgeable population on smoking and alcohol behavior as well as serious medical conditions, and a follow-up period that is sufficiently long to permit excluding early deaths. The predominance of non-college educated members in the cohort offers the opportunity to explore the implications of BMI in a group that appears comparable socioeconomically to the overall US population.
In summary, our findings support a strong, direct relationship between mortality and BMI in adults under the age of 55 years and between mortality and obesity among both younger and older adults. The more complicated relationship between BMI and mortality in older subjects, however, suggests the importance of assessing whether other markers of body size and composition, including adiposity, better explain mortality risk in older adults.
